Correlation of the surface physicochemical properties of nanoparticles with their interactions with biosystems provides key foundational data for nanomedicine. We report here the systematic synthesis of 2, 4, and 6 nm core gold nanoparticles (AuNP) featuring neutral (zwitterionic), anionic, and cationic headgroups. The cellular internalization of these AuNPs was quantified, providing a parametric evaluation of charge and size effects. Contrasting behavior was observed with these systems: with zwitterionic and anionic particles, uptake decreased with increasing AuNP size, whereas with cationic particles uptake increased with increasing particle size. Through mechanistic studies of the uptake process we can attribute these opposing trends to a surfacedictated shift in uptake pathways. Zwitterionic NPs are primarily internalized through passive diffusion, while the internalization of cationic and anionic NPs is dominated by multiple endocytic pathways. Our study demonstrates that size and surface charge interact in an interrelated fashion to modulate nanoparticle uptake into cells, providing an engineering tool for designing nanomaterials for specific biological applications.
Here, we report the parametric fabrication of 2, 4, and 6 nm core AuNP featuring zwitterionic, anionic and cationic surface ligands. We correlated the cellular internalization efficiency of these particles and observed a striking difference in uptake trends. With cationic particles, increasing particle size resulted in increasing uptake. The opposite trend was observed for neutral zwitterionic and anionic particles, where uptake efficiency decreased with particle diameter. Mechanistic studies provide insight into these opposing trends. With cationic particles, active endocytotic pathways were responsible for the bulk of NP uptake. With the zwitterionic particles, however, passive diffusion appeared to be the predominant mechanism. More interestingly, small sized anionic NP (2, and 4 nm) entered cells through endocytic pathways to that of same sized cationic particles, while large sized anionic particles (6 nm) mainly displayed caveolae/lipid raft-mediated pathway. The results reported here demonstrate the importance of the interplay between size and surface functionality on dictating nanoparticle-cell interactions, and offer insight into engineering NP systems with predictable cell interactions.
RESULTS AND DISCUSSION

Fabrication and characterization of sub-10 nm AuNP
We designed structurally related NPs that featuring different surface charges to probe the effect of NP surface functionality on the cellular uptake of sub-10 nm AuNP. We first synthesized a set of cationic and anionic sub-10 nm AuNP coated with thioalkyl tetra(ethylene glycol)ated trimethyl ammonium (TTMA), and carboxylate ligands (COOH), respectively. The tetra(ethylene glycol) spacer was added between the terminal positively or negatively charged group and the hydrophobic alkyl chain to enhance NP stability, and to improve the biocompatibility of AuNP. The third category of sub-10 nm AuNP in this study was coated with zwitterionic ligands. We generated two subfamilies featuring different positioning of the charged moieties ( Figure 1A ), the first has positive charges in outermost layer (SN), while the second ligand has innermost layer of positive charge (NS).
The particles were fabricated using 2 nm NPs protected with 1-dodecanethiol synthesized according to the Brust method, 25 while 4 nm and 6 nm AuNP were grown from 2 nm dodecanethiol AuNP using heat-induced size evolution. 26 These AuNP were then functionalized with TTMA, COOH or zwitterionic ligands via place exchange reactions. The successful NP surface functionalization was analyzed and confirmed using laser desorption/ ionization mass spectrometry (LDI-MS, Figure S1 ). A molecular peak observed at m/z value of 422.3 was ascribed to TTMA on NP surface, while peaks at 438.3, 530.2 and 601.1 were attributed to COOH, NS and SN ligands, respectively. The number of ligands on each particle surface was determined by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS, Table S1 ). The size and morphology of all NPs were further characterized using transmission electron microscopy (TEM) ( Figure 1B ) and dynamic light scattering (DLS) analysis. As shown in Table 1 , the hydrodynamic size of AuNP increased gradually when the core size of NP was increased from 2 nm to 6 nm. Meanwhile, the functionalization of AuNP with TTMA, COOH, or zwitterionic surface ligands had minor effect on AuNP size. Zeta potential measurements confirmed the positive, negative, and neutral charges of TTMA, COOH, and zwitterionic ligand-coated AuNP, respectively ( Table 1 ). As expected, UV spectra of AuNP indicated a red-shifted surface plasma resonance (SPR) peak when NP core size was increased from 2 to 6 nm, with no significant SPR band difference was observed between the same size AuNP coated with TTMA, COOH, and zwitterionic ligands ( Figure 1C ).
Cellular uptake of AuNPs
Our uptake studies used the widely employed human cervical carcinoma (HeLa) cell line, allowing the correlation of current study with prior reports. Preliminary studies indicated a low cytotoxicity of AuNP to HeLa Cells at a NP concentration of 25 nM, this concentration was then fixed for the following NP uptake study ( Figure S2 ). The cellular internalization of AuNP was studied by exposing NPs to HeLa cells, followed by extensive washing to remove NPs adsorbed to the cell surface. AuNP uptake was quantified using inductively coupled plasma mass spectrometry (ICP-MS), with the mass of intracellular gold converted to the AuNP number using a previously reported method. 7 As expected, all cationic AuNP featuring TTMA surface ligands enter cells in a significantly higher efficiency than that of neutral zwitterionic and anionic AuNP (Figure 2A ). Interestingly, zwitterionic NPs with positive outmost layer charge (Au-SN) entered cells more efficiently than NPs with negative outmost layer charge (Au-NS), and anionic Au-COOH NPs, indicating the charge orientation of zwitterionic AuNP significantly affected NP internalization.
While there were no major surprises when looking at the functionality axis alone, parametric variation of charge and size generated unexpected interrelationships. For the cationic particles, increasing particle size from 2 nm to 6 nm increased uptake efficiency 3-fold ( Figure 2B ), a trend consistent with Chan's study of larger AuNPs. 18 A completely opposite trend was observed for both zwitterionic particles (NS and SN) and anionic particles, where increasing the core size decreased uptake, with 2 nm AuNPs uptaken >10-fold more efficiently than their 6 nm counterparts. This distinctive size dependence indicates that both particle size and surface functionality need to be considered together when designing carriers for cellular delivery.
Having found the size and surface charge dependence of the cellular uptake of AuNP in the absence of serum, we investigated further the uptake of these NP in complete cell culture medium containing 10% FBS, with the aim of understanding the effects of serum on NP uptake. For this purpose, HeLa cells were treated with NPs for 3 h or 24 h in the presence of 10% FBS. The treatment of NPs (25 nM) had negligible cytotoxicity, with all treated cells having >90% viability 24 h post-treatment ( Figure S3 ). The cellular uptake efficiency of different NP was similarly quantified using ICP-MS. As shown in Figure S4A , all NPs were internalized less efficiently in the presence of serum compared to that in serum-free medium after 3 h of treatment. Our results are similar to previous reports of multiple particles that showed decreased cellular uptake in the presence of serum, possibly due to the nonspecific binding of proteins to the cell membrane, a competitive process that slows the uptake of NPs when serum proteins are present. 7, 27 Notably, similar size and charge-determined cellular uptake trends were still observed for both zwitterionic and anionic NPs in the presence and absence of serum, while cationic NPs exhibited a significantly different trend. With 4 nm Au-TTMA NPs showed higher cellular uptake efficiency than that of 2 nm and 6 nm NPs in the presence of serum. In addition, the incubation of NPs with cells for 24 h showed similar size and charge-dependent cellular uptake, with enhanced number of NPs internalized to cells ( Figure S4B ). The different uptake trend of cationic NPs in the presence and absence of serum protein probably resulted from the distinct protein corona formation on the different sized particle surface, suggesting an indirect correlation between surface chemistry and biological response. 28 
Energy-dependent cellular uptake pathways of sub-10 nm AuNPs
The opposite trends in size dependencies for neutral and charged particle uptake strongly suggested different mechanisms may be involved for the internalization of these NPs. Previous studies have shown that energy-dependent endocytosis is the predominant pathway for nanoparticle internalization, a process that can be suppressed through reduced temperature and ATP depletion. 29, 30 Cooling cells to 4°C only had minor effects on the uptake of any of the 2 nm particles ( Figure 3 , and Figure S5 ). For the cellular uptake of all NPs at reduced temperature, we observed strong size dependence. 2 nm TTMA particles internalized much more efficiently than that of 6 nm TTMA NPs. With zwitterionic and anionic particles, little change of uptake was observed for the 2 nm and 4 nm NPs. The behavior of the 6 nm particles differed, however, with a modest decrease observed for the SN particle and a much larger decrease observed with the NS analog and COOH particles. Qualitatively similar results were observed with pre-treatment of cells with sodium azide (NaN 3 , 10 mM)/2-deoxyglucose (DOG 50 mM) to deplete ATP, followed by AuNP exposure at 4 °C or 37 °C for ATP-depleted cells. Significantly, none of the 2 nm particles showed substantially different uptake under any of the conditions, strongly suggesting a different pathway was involved in the uptake of 2 nm NPs.
Endocytosis inhibition of sub-10 nm AuNP
We next compared the effects of endocytosis inhibitors on NP uptake. We first studied the effects of chlorpromazine (CPM) and sucrose, which inhibit clathrin-mediated endocytosis. [31] [32] [33] [34] [35] As shown in Figure 4 , CPM (28 nM) and sucrose (450 mM) pre-treatments significantly inhibited the internalization of all TTMA-coated AuNPs. However, negligible inhibition effect was observed for zwitterionic and anionic AuNP with similar CPM and sucrose pre-treatment, with no dependence on NP size, but with the exception that modest inhibition effect was observed for 2 nm Au-COOH NPs with CPM treatment.
We next pre-treated cells with dynasore, an effective inhibitor of dynamin-dependent endocytosis. 36 We found that dynasore pre-treatment significantly inhibited the internalization of all Au-TTMA NP and 6 nm zwitterionic AuNPs ( Figure 4 and Table 2 ). A strong size dependence was also observed for anionic NPs, 2 nm Au-COOH particles were less inhibited by dynasore than that of 6 nm NPs. These studies collectively show that TTMA particles and 2 nm Au-COOH particles are internalized through multiple endocytotic pathways, while dynamin-mediated endocytosis is the only operative endocytotic mechanism for zwitterionic and 6 nm anionic particles, a completely unexpected outcome.
Finally, we studied the uptake difference of AuNP in the presence of cholesterol depletion agents that inhibit lipid raft-mediated uptake, in particular both membrane fusion processes and caveolae-dependent endocytosis. 20, [37] [38] [39] The pre-treatment of cells with nystatin or methyl-β-cyclodextrin (MβCD) dramatically reduced uptake of all particles, including the 2 nm and 4 nm zwitterionic NPs that were unresponsive to other inhibitors ( Figure 4 and Table  2 ). To exclude the possibility that these inhibitors may have interfered with the uptake of particles by inducing toxicity to cells, we measured the viability of HeLa cells treated with inhibitors for 3 h, and have not found obvious toxicity ( Figure S6 ).
Taken together, it is clear that the interplay of particle size and coverage plays a complex role in determining NP uptake. With cationic particles, multiple endocytic pathways, including clathrin-and caveolae/lipid raft-mediated endocytosis were observed (Table 2 and Scheme 1). The zwitterionic NPs provided more specific mechanisms of uptake, with membrane fusion being the predominant mechanism for 2 nm and 4 nm zwitterionic NPs. In contrast, 6 nm zwitterionic NP were prone to enter cells through caveolae/lipid raft-mediated uptake, indicating a significant size-induced switching of the internalization mechanisms of NPs. Interestingly, 2 and 4 nm anionic particles displayed a similar multiple endocytic pathways to that of same sized cationic particles, while 6 nm anionic particles were internalized in caveolae/lipid raft-mediated pathway.
A key feature of our study is the importance of surface coverage in determining cell uptake efficiency and mechanism. The distinct energy-independent cellular uptake of 2 nm and 4 nm zwitterionic is consistent with the previous report by Alexander-Katz et al. that for small size NP (diameters ≤ 4 nm), 40 the monolayer contains a large amount of free volume that maximizes the ligand fluctuations and minimizes the energy barrier to "snorkeling", facilitating the energy-independent membrane fusion process for NPs to enter cells. The 6 nm zwitterionic and anionic NPs are above the size threshold for membrane fusion so these NPs mainly enter cells via dynamin-dependent endocytosis pathway.
CONCLUSIONS
In summary, we have shown that there is a strong interrelationship between NP size and surface functionality on the cellular uptake of sub-10 nm gold nanoparticles. We have found that relatively small changes of NP core size were sufficient to induce dramatic changes in NP internalization efficiency and mechanism. These studies demonstrate that variation of particle size and coverage can be used synergistically to control cell uptake processes, an important design tool for bionanotechnology applications.
METHODS
Cell culture
HeLa cells were purchased from American Type Culture Collection (ATCC, Manassas, VA) and maintained in Low-glucose Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) and 1% antibiotic (100 U/mL penicillin and 100μg/mL streptomycin). And the cells were cultured at 37 °C under a humidified atmosphere of 5% CO 2 .
Nanoparticle uptake and inhibition studies
HeLa cells were seeded in a 48 well plate at a density of ~ 2 × 10 4 cells/well 24 h a day before experiment. At the day of incubation, cells were washed three time with phosphate buffered saline (PBS) and pre-incubated with following endocytic inhibitors in serum free media for 1 h at 37 °C, methyl-β-cyclodextrin (10 mM), nystatin (180 nM), sodium azide (NaN 3 , 10 mM) + 2-deoxyglucose (DOG, 50 mM), dynasore (80 μM), chlorpromazine hydrochloride (28 nM), and sucrose (450 mM). All inhibitors were purchased from Sigma except for dynasore was obtained from Fisher Scientific, and the concentrations of the inhibitors were used according to previous reports. 15, 30 After 1 h, nanoparticles were added at a concentration of 25 nM and incubated for another 3 h at 37 °C in the presence of the inhibitors. Untreated cells were used as negative control, and cells treated with only NPs in the absence of inhibitors were used as positive control. After incubation, cells were washed five times with PBS buffer. Cell lysis buffer (250 μL per well) was used to lyse the cell, with the cell culture plate kept at room temperature on a vibrator for 30 min. In addition, a freeze/thaw cycle was also adopted to further facilitate the cell lysis process. After that, cells were digested with 0.5 mL of fresh aqua regia for 10 min. The digested samples were further processed for ICP-MS analysis to determine the intracellular amount of gold. Each cell uptake experiment was done in triplicate, and each replicate was measured 5 times by ICP-MS.
Temperature and energy dependent pathways study
HeLa cells were seeded in a 48 well plate at a density of 2 × 10 4 cells/well a day before experiment. At the day of incubation, cells were washed three times with PBS buffer and pre-treated with 10 mM NaN 3 and 50 mM DOG at 4 °C for 1 hour, then HeLa cell were incubated with 25 nM Au NPs in the presence of NaN 3 /DOG at 4 °C for another 3 hours.
Sample preparation for ICP-MS and ICP-MS measurements
For the quantitative determination of Au content in the cellular uptake study, the cell lysates were digested with 0.5 mL fresh aqua regia composed of hydrochloric acid and nitric acid (3:1, v/v) (highly corrosive and must be used with extreme caution!) for 10 min. 15, 41, 42 Then each digested sample was diluted to 10 mL with de-ionized water. A series of gold standard solutions (20, 10, 5, 2, 1, 0.5, 0.2, and 0 ppb) were prepared at the same time. Each gold standard solution also contained 5% aqua regia. The gold standard solutions and cellular uptake sample solutions were measured on a Perkin-Elmer NexION 300X ICP mass spectrometer.
Particle uptake efficiency (%) was calculated based on the following equation:
And inhibition efficiency (%) was calculated by the following equation: Characterization of as-synthesized gold nanoparticles with different sizes (2, 4 and 6 nm) and surface modification (cationic: TTMA, zwitterionic: SN and NS, and anionic: COOH). (A) General structure of AuNP, with either interactive cationic and anionic or "stealth" zwitterionic headgroups appended to a non-interacting OEG-functionalized interior. (B) TEM images of 2, 4, and 6 nm core diameter AuNPs. (C) UV-Vis absorbance spectra of the each of the particle families as a function of core size. Table 2 Summary of cellular uptake inhibition of NP in presence of endocytic inhibitors. + p < 0.05, + + p < 0.01, + + + p < 0.001 through unpaired t-test between normalized control and inhibitor-treated groups. − no significant inhibition. 
